of the rat hippocampus.
INTRODUCTION
Long-term potentiation (l.t.p.) is an enduring form of physiological plasticity that has been found in all the monosynaptic pathways of the hippocampus of adult animals (cf. Bliss & Lomo, 1970 Bliss & Gardner-Medwin, 1971 Douglas & Goddard, 1975; Alger & Teyler, 1976; Yamamoto & Chujo, 1978) . It is of interest to know when l.t.p. first develops, and how it matures, because of its potential role in the process of long-term information storage in the brain (Swanson, Teyler & Thompson, 1982) . Since rats are altricial animals, much of their behavioural repertoire develops post-natally, as does their capacity for long-term memory (Campbell & Coulter, 1976) . If l.t.p. is a mechanism of learning and memory, then one would expect its development to parallel the development of learning and memory capacities.
In area CAI a brief tetanic stimulation to stratum radiatum results in l.t.p. measured extracellularly as: (1) an increase in the amplitude of field potentials, (2) an increase in the probability of individual CAl pyramidal cell firing, or (3) a decrease in the latency of individual cell firing. These responses are seen to persist for several hours in the in vitro slice preparation (e.g. Schwartzkroin & Wester, 1975; Andersen, Sundberg, Sveen, Swann & Wigstrom, 1980b) . The specific underlying mechanisms) of l.t.p. have not yet been discerned (for review see Swanson et al. 1982) . It is likely that l.t.p. is mediated by a synaptic mechanism because the size of the afferent volley does not change following tetanic stimulation (Andersen, Sundberg, Sveen & Wigstrom, 1977) and because there is no generalized increase in the excitability of the post-synaptic cell (Andersen et al. 1980b) . Furthermore, in area CAl, l.t.p. is specifically localized to the pathway that was tetanized and no heterosynaptic potentiation occurs (Dunwiddie & Lynch, 1978; Alger, Megela & Teyler, 1978; Anderson et al. 1980b ). If l.t.p. is mediated by changes at the tetanized synapses, as these studies suggest, then further insight into the specific synaptic properties that are involved could be gained by studying l.t.p. when synaptogenesis is occurring. Synaptogenesis and dendritic development occur over an extended post-natal time period in area CAl (Minkwitz, 1977; Loy, 1980; Bayer, 1980a, b; Pokorny & Yamamoto, 1981 a, b; Schwartzkroin, Kunkel & Mathers, 1982) ; therefore, it should be possible to determine whether some form of 'synaptic maturation' must occur before l.t.p. can be produced. L.t.p. has been observed before the second post-natal week in area dentata (Duffy & Teyler, 1978; Harris, Teyler & Cruce, 1980) and in area CAl (Harris et al. 1980; Baudry, Arst, Oliver & Lynch, 1981) of the rat hippocampus. Our goal was to extend these studies in area CAl to determine the exact developmental age when l.t.p. first occurs and to study its properties during development. Methods which produce maximal l.t.p. in area CAl of the adult hippocampus were used to test for l.t.p. in area CAl of developing animals. Measurements of the post-tetanus time course and 28 DEVELOPMENT OF HIPPOCAMPAL L.T.P. magnitude of potentiation observed during the first post-natal week were then compared with those observed in rats 2 weeks and 2 months old. A preliminary report of these results has been presented elsewhere (Harris & Teyler, 1983) .
METHODS

Subjects
Male and female Long-Evans rats were maintained together to facilitate continuous production of litters. Breeders were monitored daily, and at birth or one day following birth, litters were culled; all the male pups were kept, plus enough females to give a total of ten pups in the litter. Sex was initially identified by examination of the external genitalia and later confirmed by dissection after hippocampal slices were prepared. For the majority of the experiments male pups were used; four females (one 1 day old, two 5 days old and one 7 days old) were also used. Experimental animals were randomly selected from a litter, every day from birth until a date when l.t.p. was reliably produced (1-8-day-old animals were tested). Then the potentiation observed in these young animals was compared with that seen in 15-and 60-64-day-old animals. A total of forty-three animals from sixteen litters were tested for l.t.p.
Preparation of hippocampal slices
Young animals (1-8 days old) were killed by decapitation; older animals (15 and 60-64 days) were first stunned by a blow to the back of the neck and then killed by a blow to the thoracic region dorsal to the heart. The left hippocampus was dissected free from surrounding brain tissue and placed on a tissue slicer (Stoelting Company: Duffy & Teyler, 1975) . The hippocampus was oriented so that four slices (350 ,tsm thick) could be obtained from the middle third of the hippocampus while preserving lamellar organization (Andersen, Bliss & Skrede, 1971; Skrede & Westgaard, 1971 ; Rawlins & Green, 1977) . For each animal used in the l.t.p. experiments, one slice was selected for experimentation. Plate 1 illustrates representative slices from four different ages that had acceptable orientation and were used for experimentation. They show that area CAI can be identified visually by post-natal day 4. It was more difficult to observe cell body layers in 1-and 2-day-old pups; instead, stratum pyramidale was identified by its response to orthodromic stimulation. Slices were transferred to a filter net located at the liquid-gas interface between medium (Earles balanced salts: 117 mM-NaCl, 5 mm-KCl, 0 9 mM-KH2P04, 16 mM-MgSO4, 1M8 mmCaCl2, 26 mM-NaHCO3 and 10 mM-glucose) and 95 % 02/5 % C02 bubbled through warm (33-34 0C) distilled water.
Selection of slices and positioning of electrodes
Slices were allowed to equilibrate for 1 h in vitro. Then stimulating and recording electrodes were placed in area CAI under visual guidance as illustrated in P1. 1 E. The concentric bipolar stimulating electrode had a central core conductor of Teflon-coated Pt-Ir wire protruding 50,m from the surrounding 30-gauge stainless-steel tube, and was placed in stratum radiatum. It had a 13 kQ resistance in saline. Stimulus voltages were varied, and the pulse duration was 01 ms. The recording electrode was a glass micropipette with an outside diameter of 18-20,m filled with 2 M-NaCl, which was placed in stratum pyramidale. The electrodes were positioned so as to obtain a population response that was clearly separated from the stimulus artifact. To optimize size and stability of the population response the recording electrode was located between 80 and 100 ,um beneath the slice surface -a depth comparable to where Andersen et al. (1980a) have also found the optimum response to occur.
If more than three electrode penetrations were necessary to obtain an acceptable population response, the slice was not used because it was assumed that the slice either was not cut parallel to the lamellae, or was not healthy. If an acceptable response was not obtained from the first slice, the positioning procedure was repeated on adjacent slices until a clear response was obtained. In only one experiment (at 3 days) were all four slices penetrated before a suitable response was obtained, and in only four experiments were three penetrations made (at 4 and 5 days).
With the recording electrode positioned at the optimum depth, the stimulus intensity was adjusted to give about a 1 mV population spike, and the response monitored at 1/min for 10 min. If Once an acceptable response was obtained, data were gathered as described in detail below, in the following order for each l.t.p. experiment: (1) field excitatory post-synaptic potential (e.p.s.p.) threshold; (2) ten pretetanus responses; (3) tetanic stimulation; (4) post-tetanus monitor; (5) ten post-tetanus responses; and (6) field e.p.s.p. threshold. In addition, control experiments of low-frequency stimulation (I.f.s.) were performed on adjacent slices or on slices from litter-mates. The data were stored on a PAR Scan recorder and plotted on a Houston X-Y plotter while the experiments were in progress; this allowed immediate observation and analysis of wave form amplitudes so that proper stimulus intensities could be set. Wave forms were also stored on floppy disks of the Apple II microcomputer (Teyler, Mayhew, Chrin & Kane, 1982) . This system allowed for later detailed measurements of the population spikes; they were measured as illustrated in PI. 1 F from the peak negativity to half-way between the two positive-going peaks. time course of the maximal potentiation was less than 5 min. L.t.p. was a relatively stable response potentiation that lasted beyond the decline from maximal potentiation. Examples of post-tetanic responses from 1-5-day-old animals are shown in Fig. 1 using the Neuman-Keuhls procedure (McNemar, 1970) . The data from 5 s to 1 min and from 1 min to 20 min after tetanus were combined and treated as two separate groups of data with eight time variables in each group. In this way, the immediate post-tetanus effects could be analysed separately from the longer-lasting changes.
For the 5 s to 1 min time period these analyses revealed that the potentiation observed at 15 and 60 days was greater in magnitude than at all other ages (P < 0 05).
DEVELOPMENT OF HIPPOCAMPAL L.T.P.
At 45 s to 1 min more potentiation was seen at 15 than at 60 days (P < 0 05). Within each age the post-tetanus response was stable at a maximum plateau for a limited time period immediately after tetanus. (A stable response was taken to be no significant change between the time points.) For 5-day-old animals the response was stable at a maximum from 5 to 30 s; for 7-, 8-and 15-day-old animals the response was stable at a maximum from 5 s to 1 min; and at 60 days the response was stable at a maximum from 5 to 20 s.
During the 1-20 min time period, potentiation at 15 days was greater in magnitude than at all other ages (P < 0-01), and at 60 days it was greater than at 4-8 days (P < 0 05). At all ages, except 15 days, the response declined during this time period to a lower stable level of potentiation. For 4-8-day-old animals that showed potentiation, this lower level was reached by 1 min after tetanus. For 60-day-old animals the response was still declining from 1 to 3 min (P < 0 05) and then remained stable after 4 min. In contrast, the data from 15-day-old animals showed only a small dip in the response from 1 to 2 min (P < 0 05). Then the response increased from 2 to 5 min and remained stable at a new maximum for the duration of the post-tetanus monitor.
In conclusion, the time course of p.t.p. showed a maximal response potentiation immediately after tetanus that lasted for longer time periods as the animals matured. Typically, the response then declined to a stable response potentiation. This time course at 15 days was different from that at other ages in that the response remained maximally potentiated for the duration of the post-tetanus monitor.
Magnitude of t.t.p.
A comparison of ten pretetanus wave forms and ten wave forms obtained at 20 min post-tetanus is presented in Fig. 3A . These data reveal a trend of increasing l.t.p.
magnitude from post-natal day 5 to day 15. Surprisingly less l.t.p. was observed at post-natal day 60 than at post-natal day 15.
The absolute and relative magnitude of change in the post-tetanus response was averaged from at least three animals for each age older than 2 days (Fig. 3B) . Since the amplitude of the pretetanus population spike was set at 1 mV, these two measures of l.t.p. are parallel. The average magnitude of l.t.p. was greater than zero after post-natal day 5, and significantly more l.t.p. was produced at post-natal day 15 than at any other age tested here (P < 0.001, ANOVA, and post hoc Bonferroni t statistic: Myers, 1979) .
Hippocampal slices from 8-, 15-and 60-day-old animals that showed seizure activity immediately post-tetanus, all recovered from postictal depression to show l.t.p. These were not included in this analysis, because the magnitude of l.t.p. was consistently less than that observed from other animals of the same age. However, the same pattern of l.t.p. magnitude was observed with the 15-day-old animals showing more recovery of potentiation than either 8-or 60-day-old animals. Hesse & Teyler (1976) studied, the responses from the 15-day-old animal remained stable throughout the testing period, while responses from the other ages decayed to base line by about 1-11 h after tetanus. For all ages, the response magnitude was stable at 20 min when the l.t.p. comparisons were made.
An unusual response pattern is seen in the data from the 5-day-old animal. This pattern occurred at 24, 36 and 48 min post-tetanus (small arrows). At these times the spontaneous background activity was elevated and the evoked response was further elevated. Following this enhanced activity the response declined below base line, and later recovered to the potentiated level. This response pattern has been described as 'spontaneous unison firing' and is discussed in more detail in an earlier paper (Harris & Teyler, 1983) . This spontaneous unison firing was also seen in a litter-mate of the 5-day-old animal. Slices from the brother were used for an l.f.s. 1-15-day-old animals, and usually the response was somewhat depressed following l.f.s. (Fig. 5) . In contrast, this rate of stimulation eventually resulted in response potentiation for the 60-64-day-old animals. At least thirty stimuli at 0-67 Hz were Pre-I.f.s. (Fig. 6A ), but the stimulus intensity at which a field e.p.s.p. was first evoked was usually the same both pre-and post-tetanus, and preand post-l.f.s., for all ages (Fig. 6B) . It is evident from Fig. 6B that the stimulus intensity required to reach field e.p.s.p. threshold was greater at 1-6 days than that required at 7-15 days (P < 0.01, t test for independent means), and that an even lower voltage was required at 60-64 days (P < 0-02). These differences cannot be fully accounted for by differences in stimulating electrodes, since only three stimulating electrodes were used throughout the experiments, and these were used at all ages. Furthermore, the stability of this threshold throughout a single experiment suggests that properties of the electrode resistance or tissue resistance did not change significantly after tetanus or l.f.s. We conclude that the stimulus intensity required to first depolarize these cells decreased with maturation. Measures of population spike latency were made to determine whether the increase in population spike amplitude is due to the recruitment of new cells to fire or simply an increased synchrony of cells already firing. A reduction in population spike latency would suggest that the cells fire more readily after tetanus. A reduction in variability of the population spike latency would suggest that the cells fire more synchronously. Fig. 7 . Population spike latency. The latency to peak negativity of the population spike from the stimulus artifact was measured as indicated in the inset for both the ten pretetanus responses (open columns) and the ten post-tetanus responses (hatched columns). The means are graphed across ages, and the error bars (S.E. of mean) illustrate the average variability in spike latency for individual experiments at each age.
Measures of population spike latency were made on the ten pretetanus responses and the ten responses that were obtained at 20 min post-tetanus (Fig. 7) . Population spike latency was decreased following tetanus for 5-6, 7, 15 and 60-64 dayold-animals (P < 0 05, t test of correlated means). Only about half of the slices from 14-day-old animals showed a post-tetanus decrease in population spike latency. At 8 days one animal showed an increase in population spike latency as well as an increase in spike amplitude. In Fig. 7 the error bars show the average variability in population spike latency within each of the experiments for a given age. At all ages there was only a small decrease in the variability (statistically not significant) of spike latency following tetanus.
This measure of population spike latency from the stimulus artifact was not compared quantitatively across ages, because variations in the relative positions of the stimulus and recording electrodes can alter the latency. However, observations of the latency from the rising edge of the first positive-going peak to the population spike revealed a trend of decreasing latency as the animals matured. This trend can be seen in Figs. 1 (1) at a constant stimulus intensity the population spike was observed intermittently; (2) at the threshold stimulus intensity no population spike was observed but a small increment in stimulus intensity produced a population spike greater than 0-5 mV; and/or (3) the size of the population spike was less than 0-5 mV. Establishing these criteria gave a measure which was easy to compare across ages, Fig. 9 . The maximal population spike amplitude was measured (means+s.E. of mean) in area CAI of hippocampal slices from fifty-seven rats that were not used for the l.t.p.
experiments, but were of the same strain and were raised in an identical fashion to those used for the l.t.p. experiments. This graph illustrates that as these animals mature, the size of the population spike to maximal stimulation increases. Each data point is the amplitude of the maximal pretetanus population spike in area CAl of a hippocampal slice from one animal. The line is a best-fit polynomial of power 2 generated by a VAX (Digital Equipment Corportation) computer. treatment or age ofthe animal. These data were available for the pretetanus or pre-l.f.s. responses from nearly all the animals of the experiments presented here, because in the effort to find a stimulus intensity which produced a 1 mV population spike, several responses at population spike threshold were also obtained. Unfortunately, these data were only available for a small number of post-tetanus responses, so that a direct comparison of field e.p.s.p. slope at population spike threshold could not be made before and after tetanus. The graph in Fig. 8 reveals that the field e.p.s.p. slope at population spike threshold is largest for the 15-day-old animals, with both the 1-10-day-old and 60-64-day-old animals having smaller values.
A second measure was that of the population spike amplitude at maximal stimulation, and was obtained from a separate group of animals (Harris et at. 1980) . Stimulus-response curves were obtained from area CAI for many ages. A maximal population spike was measured at the stimulus intensity where further increases in stimulus intensity produced no further increases in the population spike amplitude.
Results from these earlier experiments are graphed as the maximal population spike amplitude (Fig. 9) . This graph illustrates that the magnitude of the maximal pretetanus population response in area CAI increases with age, although at any one age a wide variability in maximal population response exists. When these data are compared with Fig. 2 , they suggest that the population spike amplitude produced after tetanus can be greater than the maximal pretetanus population spike seen here.
DISCUSSION
In summary, l.t.p. first occurred at post-natal day 5, and was consistently seen by post-natal days 7 and 8. At 15 days substantially more l.t.p. was produced than that observed at either the younger ages or at 60 days. The magnitude of p.t.p. was equivalent at 15 and 60 days, indicating that some difference occurs in the retention of the potentiated response. These results cannot be explained by the level of pretetanus excitability in area CAI because several measures including population spike latency, field e.p.s.p. threshold and maximal population spike amplitude all indicate an increase in excitability with age. In addition, l.f.s. resulted in response potentiation only at 60 days. It is clear from these experiments that the magnitude and pattern of l.t.p. produced by CAl pyramidal cells changes with maturation of the rat hippocampus. However, there are several cautions that need to be considered when comparing the level of l.t.p. attained by animals of differing ages.
First, the cells of stratum pyramidale are more densely packed in older animals than in the younger animals, so that an extracellular recording electrode might obtain responses from more cells in the older animals (Dzidzishvili & Kvirkvelia, 1968; Schwartzkroin, 1982) . This was controlled for, in part, by comparing relative changes in the evoked response after tetanus, so that individual animals could be used as their own base line controls.
Second, the relative intensity of the tetanic stimulation was different across ages with respect to its position on the stimulus-response curve for the age. We partially controlled for this by setting the tetanic stimulation level at less than 50 % of the response capacity for animals older than 3 days. However, this control procedure does not prevent the influence of more subtle differences in stimulus intensity on the magnitude of l.t.p. produced at different ages.,It has been shown that relatively higher stimulus intensities increase the probability of observing l.t.p. in area CAI of adult rats (Schwartzkroin & Wester, 1975) . Therefore, having the stimulus intensity for tetanus relatively higher in the younger animals should facilitate the possibility of observing l.t.p. The 1 mV population spike was above threshold for producing stable responses, and it provided a useful base line for comparison across ages.
A third caution concerns the effect of the tetanic stimulus frequency on the level of l.t.p. achieved. In adult animals, higher frequencies of stimulation produce more l.t.p. than lower frequencies (Douglas, 1977; Dunwiddie & Lynch, 1978) , and it is likely that some optimum frequency of stimulation also exists for the developing animals.
Allowing for these cautions, our results raise several questions about the phenomena and mechanisms) of l. value. The l.t.p. graph was transformed from Fig. 3B . The graph for total synapses was transformed from data that have been reported elsewhere for the rabbit hippocampus (Schwartzkroin et al. 1982) because quantitative measures of synaptic number have not yet been made for rats during development. However, spine counts in stratum radiatum ofthe rat hippocampus reveal a similar increase with maturation (Minkwitz, 1976a (Minkwitz, , b, 1977 . The maximal response curve was transformed from Fig.  9 . It is clear from Fig. 10 that the magnitude of l.t.p. produced in the hippocampus is greatest during a time when many new synapses have just been formed. The behavioural repertoire of the developing animals is also rapidly increasing at this time: the eyes and ears are opening (Barnett, 1975) , voluntary movements and exploratory behaviour are prominent (Campbell, Lytle & Fibiger, 1969; LeBlanc & Bland, 1979) , and retention of at least some learned behaviours has reached adult values by post-natal day 15 (Campbell & Coulter, 1976) . In order to explain how a peak and decline in l.t.p. production might be mediated, we propose that as an animal matures, synapses are removed from a pool of synapses that are available for potentiation, by the process of l.t.p. (see also Changeaux & Danchin, 1976; Goddard, 1980) . This hypothesis is illustrated in Fig. 11 , where the total number of synapses in stratum radiatum is replotted as a percentage ofthe adult 43 value (Schwartzkroin et al. 1982 been corroborated in areas CA3 and CAI of the rat hippocampus (Yamamoto & Sawada, 1981; Lee, 1982) . These results suggest that some minimal number of synapses must be co-activated to produce l.t.p. These researchers propose that co-activation of synaptic input increases the relative strength of those synapses involved in the tetanic stimulation. A corollary of their findings would be that co-activation produces more l.t.p. when more synapses are available for potentiation via tetanic stimulation.
Ifthe magnitude of l.t.p. produced is proportional to the number of plastic synapses available for co-activation, then at the time of peak synaptogenesis, 15-20 days, one would expect to have maximal l.t.p., as we have seen. Examination of the plastic synapses curve suggests that most of the synapses in animals less than 5 days old should be plastic synapses. If the magnitude of l.t.p. production is proportional to the number of plastic synapses that are present, why was no l.t.p. produced before post-natal day 5? One answer to this question might be that a minimum number of synapses must be available for co-activation before l.t.p. can be produced, and 10 % ofthe total synapses found in adults is a density less than that required for l.t.p. P.t.p. can be produced at lower stimulus intensities, suggesting that fewer synapses need to be co-activated (McNaughton et al. 1978; Yamamoto & Sawada, 1981 First, a plastic synapse might be one that is located on a long thin dendritic spine. The vast majority of synapses in stratum radiatum are found on dendritic spines (Andersen, Silfvenius, Sundberg & Sveen, 1980a) . Rall (1974) has proposed that synaptic current is greatly attenuated by the thin spine neck, and that a change in a spine neck causing it to become shorter and fatter would increase the amount of current reaching the parent dendrite and depolarizing the cell. A plastic synapse might become consolidated by a contraction or swelling of the spine neck making it wider, and thereby reducing resistance to current flow (Crick, 1982) . Recent experimental evidence has suggested that spine shapes change following tetanic stimulation in the hippocampus (Van Harreveld & Fifkova, 1975; Moshkov, Petrovskaia & Bragin, 1977 Lee, Schottler, Oliver & Lynch, 1980; Desmond & Levy, 1981; Fifkova & Anderson, 1981; Fifkova, Andersen, Young & Van Harreveld, 1982) , indicating a possible mechanism of l.t.p. Before post-natal day 4, the number of dendritic spines on dendrites of CAI pyramidal cells is minimal (Minkwitz, 1976a (Minkwitz, , b, 1977 Pokorny & Yamamoto, 1981a, b) . Perhaps the relative deficiency in spines accounts for the absence of l.t.p. in these younger animals.
A second possibility is that some property of the synaptic contact is different for plastic and consolidated synapses. Skrede & Walaas, 1979) , is virtually absent on post-natal day 4, rises to a peak around post-natal day 10 and then declines very gradually to adult levels. This curve parallels our hypothetical curve for the development and reduction of plastic synapses. Furthermore, the absence of glutamate binding sites before post-natal day 4 might have contributed to the absence of l.t.p. that we observed in the 1-4-day-old animals.
A question is also raised about the significance of l.t.p. in 60-day-old animals. If the magnitude of l.t.p. production declines with age, and if l.t.p. is involved in learning and memory, would one expect the 60-day-old animals to be less responsive to potentiating experiences than the 15-day-old animals? The results from the low-frequency stimulation (l.f.s.) experiments suggest that qualitative changes in potentiation capacity occur with maturation. While the 15-day-old animals showed a greater magnitude of l.t.p. from 100 Hz tetanic stimulation, the 60-day-old animals showed potentiated responses from lower rates of stimulation. This stimulation rate has been seen to produce potentiation in area CAl of adult rats in other experiments as well (T. J. Teyler, unpublished) . One possibility is that the hippocampus of the 60-day-old animals is sensitive to a wider range of potentiating experiences, but that each level of stimulation does not produce as much absolute potentiation. Barnes (1979) has shown that as the rat ages, the magnitude and duration of l.t.p. in area dentata decline. Her results suggest that as more of the synapses become maximally potentiated, i.e. 'consolidated', in the hippocampus of senescent rats, there is a further decline in the number of synapses available for l.t.p. (see also Goddard, 1980) . In as much as this research was primarily concerned with determining when l.t.p. is first produced in area CAl, it should only be considered a preliminary report on the development of l.t.p. Further experimentation will be required to determine whether other ages between post-natal days 15 and 60 also yield more l.t.p. than the adult animals. Other factors, such as changes in the stimulus intensity or frequency during tetanus, or prior experience of the animal, might also influence the developmental pattern of l.t.p. observed. The work presented here suggests that l.t.p. develops in parallel with the onset of exploratory behaviours in the rat. The magnitude of l.t.p. peaks during a time when the animal is learning a lot about its environment, i.e. shortly after eye and ear opening. Together with these observations, the results presented here suggest a developmental link between the processes of learning and memory, and long-term potentiation.
